Abstract
additional intimate relationships exist between prokaryotes and foraminifera. For example, the 23 cytoplasm of a variety of benthic foraminiferal species contains intact prokaryotes. Other 24 benthic foraminiferal species support prokaryotic populations on their exterior. Some of these 25 prokaryote-foraminifera associations are sufficiently consistent to be considered symbioses. 26 Symbiotic relationships include beneficial associations (mutualism; commensalism) to 27 detrimental associations (parasitism). Here, we provide a synopsis of known foraminiferal-28 prokaryotic symbioses and TEM micrographs illustrating many specific associations. We further 29 comment on and illustrate additional interactions such as bacterial scavenging on foraminifera 30 and foraminiferal feeding on prokaryotes. Documenting and understanding all of these microbial 31 interactions will contribute to a more comprehensive knowledge of benthic marine ecology and 32 biology.
Introduction

34
Benthic foraminifera rely on a variety of sources for nutrition: bacteria (e.g., Lee, 1980;  35 Mojtahid et al., 2011; Nomaki et al., 2006) , algae (e.g., Anderson et al., 1991; Goldstein, 1999) , 36 Dissolved Organic Matter (DOM; Delaca et al., 1981) , and even certain metazoans (e.g., Bowser 37 et al., 1992) . Another role for algae is as foraminiferal symbionts. For example, the majority of 38 ecologically important species of extant planktonic foraminifera have algal symbionts (Kucera, 39 2007) and one has cyanobacterial symbionts (Bird et al., 2017) . Symbiont-bearing planktonic 40 foraminifera and larger benthic foraminifera from tropical reefs rely on photosynthetic activities 41 of their symbionts for energy sources and enhancement of calcification (reviewed by Hallock, 42 1999). Symbiosis is a stable, consistent association involving biological interaction between two 43 or more species. A symbiotic relationship can have varied impacts on the different partners. 44 Specifically, a symbiosis can be beneficial to each partner (i.e., mutualism), beneficial to one 45 partner but of little consequence to the other partner (i.e., commensalism), or detrimental to one 46 partner but beneficial to the other (i.e., parasitism). Mutualism and parasitism can be considered 47 endmembers along a continuum that includes commensalism (e.g., Ewald, 1987; Hopkins et al., 48 2017). 49 Aside from being simply a food source, bacteria may actually be indispensable to the 50 foraminiferal diet (Lee, 1980; Muller and Lee, 1969) . Over the past few decades, Transmission 51 Electron Microscopy (TEM) has revealed additional relationships between foraminifera and 52 prokaryotes (i.e., Eubacteria, Archaea). For example, TEM demonstrated that some benthic 53 foraminifera have prokaryotes in their digestive vacuoles (Quinqueloculina sp., Rosalina 54 globularis, Abyssotherma pacifica; Heeger, 1990; Lee et al., 1991) and others deposit feed, 55 ingesting sediments with attached prokaryotes, which are presumably digested (e.g., 4 56 Globobulimina pacifica; Goldstein and Corliss, 1994) . Conversely, prokaryotes can scavenge 57 foraminiferal carcasses (Bernhard et al., 2010b) . Additional associations between benthic 58 foraminifera and prokaryotes have been documented with TEM over the past few decades (e.g., 59 Bernhard , 1993 , 2003 Bernhard et al., 2006; Heeger, 1990; Richardson and Rützler, 1999 Globobulimina affinis, and Virgulinella fragilis from Japan, Namibia, and New Zealand were 92 isolated from sediments, immediately fixed in 2.5% or 3.0% seawater-buffered TEM-grade 93 glutaraldehyde (final concentration), and subsequently transferred into filtered (0.2 µm) sea 94 water and kept at 4°C until further processing, which followed the standard JAMSTEC protocols 95 for foraminiferal TEM analyses (e.g., Nomaki et al., 2014; Nomaki et al., 2015; Tsuchiya et al., 96 2015) . Unless otherwise noted, all foraminifera discussed and imaged here were considered 97 living at the time of fixation, based on the appearance of their organelles (i.e., Bernhard et al., 98 2010b; Nomaki et al., 2016; Nomaki et al., 2014 prokaryotes were absent or few (Fig. 3A) , while in other areas, numerous rod-shaped prokaryotes 178 occurred between the inner organic lining and the interior surface of the test (Fig. 3B, D) , or 179 between folds of the test (Fig. 3C ). Occasionally, a prokaryote appeared attached to the organic 180 lining (Fig. 3A,C) . The association of numerous prokaryotes within the test of this agglutinated Buliminella tenuata living in the oxygen-depleted sediments of Santa Barbara Basin 213 (California, USA) is known to harbor copious rod-shaped prokaryotic endobionts ( Fig. 4A-C Bernhard, 1996; Bernhard et al., 2000) . The endobionts of B. tenuata were consistently 215 encapsulated by host membrane (Fig. 4B, C) , each in a small vacuole. This, and the fact that 216 some endobionts were noted to be dividing (Fig. 4A, C) , implies a stable, likely mutualistic, 217 symbiosis between the host and endobionts. Endobionts were distributed randomly throughout 218 the foraminiferal cytoplasm (Fig. 4A-C) , as opposed to aligning at the foraminiferal periphery or 219 with the host's large vacuoles (see below). Organelles such as mitochondria, digestive vacuoles, 220 and a nucleus were well preserved in these hosts, as were vacuoles and lipids (Fig. 4A-C) . Some, 221 but not all, conspecifics of B. tenuata from hydrocarbon-seep sediments collected off central 222 California also had endobionts (Bernhard et al., 2001; Bernhard et al., 2010b; Martin et al., 223 2010). These endobionts, however, were not encapsulated by the host's membrane and were 224 coccoid (Fig. 4D) , not rod-shaped as in the Santa Barbara Basin B. tenuata. Similar coccoid Endobionts from all four V. fragilis populations were encapsulated by host membrane in 247 a small vacuole, similar to the endobionts of B. tenuata. The rod-shaped prokaryotes had slight 248 differences in appearance among the four populations (Fig. 6 ). Both the Cariaco and Japanese 249 prokaryotes had distinct internal vacuoles (Fig. 6A,D) , while the Namibian and New Zealand 250 endobionts did not (Fig. 6B,C) . Some individual prokaryotic cells were noted to be dividing in As noted above, coccoid endobionts have been previously documented to exist in some 275 benthic foraminifera (e.g., some B. tenuata; Bernhard et al., 2010b; Martin et al., 2010) . there are many endobionts, some in degradation vacuoles and some within cytoplasm (Fig. 10D) . (Fig. 10E) . Sometimes the ultrastructure of rose bengal-stained benthic 349 foraminifera clearly shows absence of identifiable eukaryotic materials (i.e., organelles) yet 350 presence of intact prokaryotes (Fig. 10F) 
